Multi-phase flow is one of the types of flow which is frequently observed in natural phenomena and engineering applications. Circulating fluidized beds constitute an important application of multi-phase flow. The combustion and emission behaviours in circulating fluidized beds are determined by hydrodynamic of bearing. The most appropriate combustion can be provided with the hydrodynamic structure of bearing, taking into account fuel and operating parameters. Therefore, the hydrodynamic structure of circulating fluidized beds should be displayed with mathematical/physical modelling and simulation approach for its analysis and synthesis. Mathematical analysis in today's conditions is very difficult or impossible because of excessive turbulence, unstable and two-phase flow characteristics of the bed. Therefore, the most effective way to do this is the use the physical modelling and simulation approach. In this study, 8 MW circulating fluidized bed hydrodynamic analysis are made by ANSYS-FLUENT R14 commercial CFD code and then combustion and emissions analysis are made with hydrodynamic analysis results. These analysis results show that combustion chamber exit mean NOx emission was 38.5 ppm and combustion chamber exit mean temperature was 1123 K.
Introduction
Turkish 88% lignite is named low quality lignite and has lower than 8000 kJ/kg calorific value. Circulating fluidized bed boiler (CFBB) system is most convenient and newest clean coal technology for combustion to low calorific value coals that include high moisture and high ash. Coal, bed material, sulphur, and air mix in combustion chamber for CFBB system. Also, NO x emissions value is low because this value maintained under lower than 1200 K. In addition, high combustion efficiency and fuel flexibility are provided because low-quality lignite combustion process occurs below the fuel ash melting temperature. CFBB is obtained as 4.5 MW/m 2 thermal power, while bubbling fluidized bed is obtained as 1.3 MW/m 2 . Additional particles are separated from the flue gas in the cyclone, and are returned in the boiler. As a result, the proportion of unburned carbon particles decreases. Some studies in the literature about CFBB combustion system are indicated as follows.
Gungor and Eskin developed two-dimensional hydrodynamic model for CFBB. They calculated axial and radial voidage distribution, gas and solid phase pressure drop, solid volume fraction in solid phase, and particle dimension distribution with simulation. They compared and validated model results and experimental results on cold flow CFBB system in literature [1] .
Dülger, in his Ph.D. Thesis intended to provide an efficient and low emissions combustion in circulating fluidized bed with using specified algorithm. He generated a feedback signal that was obtained by disposed sensors by collecting necessary data from the reactor and the flue gas according to the predetermined algorithm and thus have checked the coal supply motor and air flow fan. He reported that CFBB combustion system does not need additional filter system to keep the specified limit emissions and consequently, he reported this advantage in terms of installation cost, that one of the major factors to the fore other compared combustion systems [2] .
Mirek et al. investigated numerically and experimentally that under similar operating conditions air nozzles affect on temperature and NO x emissions in a large scale fluidized bed boiler. They showed change of the primary air distribution in the lower part of the combustion chamber effect on combustion process strength and temperature distribution along the boiler height [3] .
Erbaş et al. in their works experimentally studied the effect of heat transfer within the bed from the wall heating surface. Their study results are stated higher than heat transfer coefficient was obtained when the particle diameter decreased and gas velocity increased [4] .
Weng and Plackmeyer, in their works, they compared experimental results and 3D numerical analysis results by Barracuda computational particle fluid dynamics (CPFD) software for the Duisburg circulating fluidized bed boiler. They stated that this study results were very convenient and Barracuda CPFD program will be a very important tool detecting hydrodynamic, temperature and emissions in fluidized bed in the future optimization studies [5] .
Pandey and Kumar, in their works, made two threedimensional analyses of burning in CFB boiler. They have reached temperature, velocity, pressure, and turbulence kinetic energy contours in the boiler for different fluidization velocity. As a result of the studies, they stated that 6 m/s fluidization velocity is more appropriate than 4 m/s and 5 m/s fluidization velocity for fluidized bed combustion [6] .
Portrat and Lamire, in their works, present an analytic approach and computational simulations showing that the sequentiality of the domain-general attentional (553) exhilarating mechanism is responsible for the inconsistency between humans and model. The practice of a computational model based on this solution ensures to be much better suitable to human data. Results are discussed in reference to modern works on the phonological loop as well as in reference to other computational models of short-term memory [7] .
Li et al., in their works, regard the candidate target particle set as unnecessary dictionary and the target template as observation signal to decrease the computational involution and improve the real-time performance of target tracking. In addition, to enhance chasing robustness for better adaptation to illumination and occlusion, the density histogram, local binary pattern feature fusion, trivial templates and energy control parameters are also employed in this study. Finally, large simulation experiments under different circumstances show that the recommended method performs better compared with other methods, and the average computation time decreases greatly [8] .
Karaçalı, in his work, studies computational fluid dynamics and finite element analysis simulation models were investigated and developed to interpret engineering properties that affect stent functional features. These characteristics are subjection of material properties on blood flow conditions such as structural load, shear-strain rate, radial strength, and wall shear stresses, which need to be scientifically discovered. In this study, computational fluid dynamics model was made to calculate the wall shear stresses and strain distribution in stented vessel transporting blood to heart [9] . Nagy in his computations takes into account the middle-eastern European climate conditions, geothermal gradient, and soil properties as well as the relevant settled EU standards. The equivalent linear heat transfer coefficients, which in this method also include the effects of thermal bridges, happening in various conditions are summarized in a table and can be calculated by new formulae which are also indicated in the paper using condition-dependent constants, the ground floor's heat transfer coefficient, and the length between the floor and ground level [10] .
Simanjuntak et al., in their works, made numerical and experimental studies for hydrodynamics in circulating bubbling fluidized bed that was generated internally as cylinder. They have used the FLUENT 6.3 software for CFD simulations in the study that used EulerianEulerian model for solid particle flow. The study noted that, in compliance with the experimental results and simulation results, it was stated that the fluidization in the simulation was affected by flow rate in the flow pipe, air flow rate, initial bed static height, and the orifice diameter [11] .
Hydrodynamic, combustion and NO x analyses of a CFBB system have been done for 8 MW. In this study results showed high circulating efficiency, 1123-1173 K temperature in boiler, 99% carbon combustion efficiency and 38.5 ppm averaged NO x emissions in boiler exit.
Numerical modelling
In this study, combustion and emission features have been investigated in CFBB. In this spirit, before CFBB that, shown in Fig. 1 , has been designed with 3D CAD program, then boundary conditions, shown in ANSYS Design Modeler, have been created, and mesh structure that includes 2.000.000 polygonal mesh elements has been created, as shown in Fig. 2 . Hydrodynamic analysis of CFBB system have been made for 2.1 kg/s primary air flow rate, 1.5 m bed material initial bed height, 0.5 kg/s seal pot air flow rate, and 0.2 m bed material initial bed height.
Realizable k-e turbulence method [12, 13] , EulerianEulerian multiphase method [14] [15] [16] and the Gibilaro drag coefficient [17] have been used in the numerical analysis. Bed material diameter that was used in the analysis is 300 µm. Primary air and seal pot air temperature, viscosity and density have been used respectively as 500 K, 2.1×10 −5 kg/(m s), and 0.6964 kg/m 3 in the hydrodynamic analysis. Initial bed material volume fraction and viscosity have been used respectively as 0.589 [18] and 0.001003 [19, 20] . Realizable k-e turbulence method [12, 13] , finite rate-eddy dissipation (FR-ED) volatile combustion model [21, 22] , and multiple surface reactions model [21] have been used for modelling char combustion on particle surface. Also, EulerianLagrange discrete phase model [21, 23] and discrete ordinates radiation model [21, [23] [24] [25] [26] have been used in combustion analysis. Equations that used hydrodynamic, combustion NO x emissions analysis in multiphase flow are given in Section 2.1. Primary air temperature, primary air flow rate, secondary air temperature, secondary air flow rate, coal temperature, and coal flow rate have been used respectively as 500 K, 2.1 kg/s, 300 K, 0.7 kg/s, 300 K and 0.36 kg/s in this analysis. Used in the analysis GLİ-Tunçbilek coal elemental and proximate contents are given in Table I . 
Discrete phase model
Devolatilization carbon combustion model
Combustion reactions
NO x modelling, thermal NO x Zeldovich mechanisms reactions [19, 27] :
Results and discussions
Hydrodynamic analysis results are given in Fig. 3 . As could be seen in Fig. 3 , sand volume fraction in CFB furnace did not change after 200 s from start up conditions. In this analysis results, sand volume fraction was respectively 5-8% in combustion chamber, 6-9% in dip-leg pipe, and 15-18% in loop-seal.
As could be seen in Fig. 4 , air velocity in CFB furnace did not change after 200 s from start up conditions. In this analysis results, air velocity was respectively 5-7.5 m/s in combustion chamber and cyclone, 15-17.5 m/s in dip-leg pipe, and 0.2-5 m/s in loop-seal.
As could be seen in Fig. 5 , sand velocity in CFB furnace did not change after 200 s from start up conditions. In this analysis results sand velocity was respectively 3- As could be seen from Fig. 4 , air velocity in combustion chamber is 6 m/s for steady-state conditions. Also, sand velocity in combustion chamber is 4 m/s. 2.8 kg/s air is used for combustion of 0.36 kg/s Tunçbilek lignite at 1.2 stoichiometric rate [28] . Primary air mass flow rate is 2.1 kg/s and 500 K and secondary air mass flow rate is 0.7 kg/s and 300 K. This secondary air is added at 6 m height from combustion chamber base. These conditions are given in Fig. 6 . In this analysis, non-premixed combustion and discrete phase method are used for relatively coal combustion and injection of coal in combustion chamber. Also, the Zeldovich mechanisms [29] , the De-Seote global reaction kinetics [30] and equivalence ratio 1/1.2 are used for calculations of relatively thermal NO x formation, via fuel NO x formation and prompt NO x formation in the combustion chamber. Temperature and NO x emissions distribution are given in Fig. 7 . As could be seen in Fig. 7 , NO x emission rose to 771 ppm and this was reduced through in combustion chamber. NO x emissions was reduced to 38.5 ppm and stationary these conditions and combustion chamber exit temperature was 1123 K. Hydrodynamic and combustion analysis results and referee studies [18, 26, 31, 32] results are convenient with each other.
Conclusions
Circulating fluidized bed processing is known as most clean and efficiency coal combustion technologies. In this study, GLİ-Tunçbilek coal which contains high moisture and ash, combustion and hydrodynamic characteristic was investigated in 8 MW circulating fluidized bed combustor. Air combustion chamber inlet and combustion chamber mean velocity was observed as 6 m/s and this velocity was used in combustion and NO x emission analysis. These analysis results revealed that circulating fluidized bed combustors are most convenient combustors for low quality (8000 kJ/kg) Turkish lignites. In next studies, oxy-fuel combustion, staged secondary air, and solar energy assisted innovations will be included in CFBC combustion process and will investigate temperature and NO x , SO x emissions results in developed process.
